Introduction Multiple provider prescribing of interacting drugs is a preventable cause of morbidity and mortality, and fragmented care is a major contributing factor. We applied social network analysis to examine the impact of provider patient-sharing networks on the risk of multiple provider prescribing of interacting drugs. Methods We performed a retrospective analysis of commercial healthcare claims (years 2008-2011), including all non-elderly adult beneficiaries (n = 88,494) and their constellation of care providers. Patient-sharing networks were derived based on shared patients, and care constellation cohesion was quantified using care density, defined as the ratio between the total number of patients shared by provider pairs and the total number of provider pairs within the care constellation around each patient. Results In our study, 2% (n = 1796) of patients were coprescribed interacting drugs by multiple providers. Multiple provider prescribing of interacting drugs was associated with care density (odds ratio per unit increase in the natural logarithm of the value for care density 0.78; 95% confidence interval 0.74-0.83; p \ 0.0001). The effect of care density was more pronounced with increasing constellation size: when constellation size exceeded ten providers, the risk of multiple provider prescribing of interacting drugs decreased by nearly 37% with each unit increase in the natural logarithm of care density (p \ 0.0001). Other predictors included increasing age of patients, increasing number of providers, and greater morbidity. Conclusion Improved care cohesion may mitigate unsafe prescribing practices, especially in larger care constellations. There is further potential to leverage network analytics to implement large-scale surveillance applications for monitoring prescribing safety.
Introduction
The Institute of Medicine estimated that hospitalized patients are subject to at least one medication error per day [1] . Approximately 2-17 per 1000 outpatient visits in the USA have been reported to be related to adverse drug events [2] [3] [4] [5] . More than one in ten adverse drug events reported were caused by prescriptions of interacting drugs [6, 7] , many of which were preventable.
Multiple providers caring for individual patients often do not have accurate information about the medications their patients are taking [8] [9] [10] . A study of 120 elderly patients reported discrepancies between patients' medication lists and their physicians' list in 96% of patients [11] . In another study, discrepancies were present in 76% of 236 patients, with 51% of patients taking medications not recorded in their physician's record, and 29% of patients not taking a recorded medication [12] . The number of providers involved in the care of individual patients is frequently reported as one of the strongest predictors for inappropriate prescribing [13] [14] [15] [16] [17] .
Indeed, many of the deficiencies in US healthcare are a consequence of the disjointed and poorly coordinated care that patients receive. With an increased multidisciplinary approach to care provision, fostering collaboration among healthcare providers is challenging. In a recent study, we found that 'stable' constellations of providers who care for a patient are exceedingly rare-it is uncommon for providers in a constellation to regroup together in the exact same configuration to care for more than one patient [18] . The Affordable Care Act seeks to foster the transition from a siloed healthcare system to one that is better coordinated through the concept of Accountable Care Organizations (ACOs)-a network of providers and hospitals that share financial and medical responsibility for providing coordinated care to patients [19] [20] [21] . However, the potential impact of provider networks remains under-studied.
Recent studies have begun to apply social network analysis to examine the impact of provider networks on patient care [22] [23] [24] . The approach builds on the premise that collaborative ties between physicians can be inferred based on the number of common patients shared, and these ties can impact care decision making and behavior. As physicians exchange information and establish rapport in the process of providing care to shared patients, physicians who share a greater number of patients are likely to have stronger collaborative relationship [25] . Barnett et al. [26] showed that sharing of patients based on administrative data can indeed identify information-sharing ties among physicians. Comparing patient-sharing data from a claims dataset with a survey of physicians, the study reported a positive correlation between the number of shared patients and the likelihood that a physician reported a relationship with another physician, thus lending credibility to the approach. The impact of these informal relationships on the quality and costs of care has been shown in a number of studies [27] [28] [29] .
Here, we applied network analysis to measure the impact of patient-sharing networks on medication safety; specifically, multiple provider prescribing of medications with known drug-drug interactions (DDIs). Multiple provider prescribing of interacting drugs often results from fragmented care. By capturing the collaborative patterns among providers, we hypothesized that patient-sharing networks can predict the risk of multiple provider prescribing of interacting drugs. Insights gained through this study will inform healthcare polices on the optimal organization of care constellations.
Methods

Study Design and Data
This is a retrospective analysis of commercial healthcare claims from the HealthCore Integrated Research Database (HIRD SM ) [30] , with a geographically diverse spectrum of longitudinal data across the USA. Together, a total of 293 zip codes, located primarily in the urban areas of four midwest and southern states, were included, as characterized in a previous study [18] . Study participants included all nonelderly adult beneficiaries ([18 and \65 years of age) who were enrolled in a commercial health plan. Data spanned the years 2008-2011, and included patient demographics, outpatient visits, and prescription drugs dispensed. An independent Institutional Review Board used by HealthCore, Inc. approved the study, and the Committee on Clinical Investigation at Boston Children's Hospital determined it exempt.
Physician Network
Healthcare encounter data from 2008 to 2011 were used to define provider networks, including all ambulatory care providers involved in face-to-face encounters with patients. Providers in specialties not related to routine ambulatory care (e.g., pathology, anesthesia, radiology, emergency medicine) were excluded.
The presence of shared patients was used to infer a professional relationship between physicians. A network tie is formed between two physicians if they had an encounter with one or more common patients. We refer to the group of physicians caring for an individual patient as a constellation. In a social network, the extent to which a population is characterized by mutual ties may reflect the degree of cohesion and trust. Thus, the average strength of ties across all possible ties, a measure known as network density, provides a way of quantifying social cohesion [31] . Extending this concept to patient-sharing networks, we quantified constellation density using the measure of care density [28] , defined as the ratio between the total number of patients shared by physician-pairs within a constellation, and the total number of physician-pairs within the constellation (Fig. 1) . To ensure that providers in our dataset had substantive participation in the health plan, we excluded those with fewer than 50 patients during the study period, since they were unlikely to be part of the healthcare network throughout the study period. On average, a provider in our study population encountered 109 patients during the study period.
Co-Prescription of Interacting Drugs
We identified patients who were co-prescribed interacting drugs by multiple providers, using DDIs extracted from a commercial rule base system, Cerner Multum TM (2012) [32] . The vendor's rule base comprised 125,758 DDI rules, classified by severity that ranks from 1 being minor to 3 being a major DDI. To maximize specificity, we restricted our analysis to major DDIs (n = 17,410). We further compared the significance of the DDIs detected in our dataset against the risk ratings and recommendations provided in the Lexicomp Ò database [33] , the official drug reference for the American Pharmacists Association (APA). Two additional sensitivity analyses were conducted to examine specific DDIs: (1) the most prevalent DDI among our study population classified as critical by the APA; and (2) drug combinations recommended against by the APA (either to avoid combination or consider therapy modification) involving a list of medication classes selected a priori, including anticonvulsants, anticoagulants or antiplatelets, tricyclic antidepressants, immunosuppressants, and HMG-CoA reductase inhibitors (statins).
Since our goal was to assess the impact of provider networks on prescribing behavior, we considered only coprescriptions of interacting drugs by different providers; interacting drugs prescribed by the same provider were disregarded. To ensure that overlapping prescriptions were not a result of a deliberate change in medication regimen, we considered only those that were repeated more than once during the study period, where each episode of coprescription had an overlapping coverage of more than 14 days (Fig. 2) . As a sensitivity analysis, we performed an additional analysis using a less stringent outcome measure of having at least one overlapping co-prescription of interacting drugs. We defined the control population as patients who were not co-prescribed any interacting drugpairs, with an overlapping coverage of 1 or more days during the study period.
Study Outcomes
We examined the relationship between care density and multiple provider prescribing of interacting drugs. As a secondary outcome, the impact of care density on multiple provider prescribing of interacting drugs for varying constellation size was investigated by stratifying the study population into three subgroups: patients with less than five providers (\50th percentile), those with five to ten providers (C50th percentile and B90th percentile), and those with more than ten providers ([90th percentile).
Statistical Analysis
Baseline characteristics were reported as percentages for categorical variables, and means and medians for continuous variables. We used chi-square and analysis of variance to test for differences in baseline characteristics between patients who were, and those who were not, exposed to co-prescriptions of interacting drugs. Exposure was examined as a dichotomous variable, defined as true when a patient was co-prescribed interacting drugs by multiple providers, whereby the co-prescription of a specific drug-pair was repeated more than once, with each co-prescription episode having an overlapping coverage of more than 14 days.
Conditional logistic regression was used to estimate the association between the natural logarithm of care density and multiple exposures to interacting medications prescribed by different providers. Care density was examined both as a continuous variable (after logarithm transformation) and as a categorical variable by quartiles. The quartile variable was scored ordinally, according to the distribution of care density of the study population. In all analyses, risk was adjusted for age, Charlson's Comorbidity Index, the total number of providers within a patient's constellation, and the presence of a primary care physician (PCP) in the constellation. Charlson's Comorbidity Index provides an estimate of mortality risk based on co-morbid conditions [34] , and was ascertained based on co-morbidities identified in all inpatient and outpatient visits during the study period. To detect potential multicollinearities among variables in multivariate regression analyses, we measured the variance inflation factors (VIFs) for each regression variable [35] . To compare the impact of care density among the three pre-defined constellation size categories, we modelled each category separately using logistic regression, as well as collectively through multi-level regression [36] .
A Bipartite network depicting the relationship between patients and providers
An edge exists between a patient-provider pair when the patient is seen by the provider at least once.
B Provider network representing the relationships among providers
An edge exists between two providers when they share one or more patients, and the weight of the edge is the number of shared patients. In this example, network B is a direct translation from network A. The care constellation for patient C comprises three providers (1, 2, 3) , and the care density is 4/3 (i.e. sum of weights between providers divided by the total number of providers).
C Care constellation of a patient in the study dataset who was not exposed to multiple provider prescribing of interacting drugs Analyses were conducted using SPSS Ò version 23 (IBM Corp., Armonk, NY, USA). All tests of statistical significance were two-tailed and used an a level of p \ 0.05.
Results
Baseline Characteristics of the Patients
A total of 88,494 individuals were included in our study (Table 1) . Of these, 2.0% (n = 1796) were exposed to repeated co-prescriptions of interacting drugs by different providers, with each co-prescription having an overlapping coverage of more than 14 days, excluding co-prescriptions of interacting drugs by the same provider. In univariate analyses, exposures to multiple provider prescribing of interacting drugs were positively associated with several conventional risk factors, including increasing age, Charlson's Comorbidity Index, and the number of providers involved in the care of a patient; the presence of a PCP in a patient's constellation reduced the risk of multiple provider prescribing of interacting drugs. There was no statistically significant relationship between sex and the risk of multiple provider prescribing of interacting drugs; patients' sex was therefore omitted from multivariate analyses. Compared with the unexposed group, patients exposed to multiple provider prescribing of interacting drugs had a lower mean care density and care density quartiles. Differences in care density between the exposed and unexposed groups increased with increasing quartiles. Fig. 2 Identification of multiple provider prescribing of interacting drugs, defined as co-prescriptions of interacting drugs by different providers that were repeated more than once, where each episode of co-prescription had an overlapping coverage of more than 14 days Relaxing the outcome to one or more co-prescriptions of interacting drugs, instead of multiple repeated co-prescriptions, did not alter its association with care density. With each unit of increase in the natural logarithm of care density, the risk of one or more co-prescriptions of interacting drugs decreased by 22% (OR 0.78; 95% CI 0.75-0.82; p \ 0.0001).
Impact of Constellation Size
The strength of the association between care density and the risk of multiple provider prescribing of interacting drugs increased with increasing constellation size, while the effect of other risk factors, including the number of providers, age, and Charlson's Comorbidity Index, diminished but remained significant ( Table 3 ). Application of multi-level regression also showed a significant association between care density and the risk of co-prescriptions of interacting drugs (F ratio = 81.1; p \ 0.0001) (see Electronic Supplementary Material Table S1 ). The presence of a PCP was not associated with the risk of multiple provider prescribing of interacting drugs. We further observed that, on average, patients without a PCP had a smaller CI confidence interval, OR odds ratio, PCP primary care provider constellation size: almost two-thirds had a constellation size of less than five providers, the remaining one-third had five to ten providers, and only 1.4% had more than ten providers. In contrast, among those with a PCP, one-third had a constellation size of less than five providers, 56% had five to ten providers, and 7.8% had more than ten providers (see Electronic Supplementary Material Table S2 ).
To assess whether constellation size moderated the effect of care density on the risk of multiple provider prescribing of interacting drugs, an additional regression analysis was conducted whereby the product of constellation size and care density was included as a covariate. The results showed a small but significant interaction effect between constellation size and care density (OR 0.98; 95% CI 0.97-0.996; p = 0.012); the independent effect of care density on DDI risk remained (OR 0.88; 95% CI 0.79-0.97; p = 0.012) ( Table 4) . Pearson correlation analysis further confirmed that constellation size was negatively correlated with care density (-0.075; p \ 0.0001).
Interacting Drug-Pairs
We identified 9246 episodes of multiple provider prescribing of interacting drugs, involving 1094 different drug-pairs and 324 drugs. The most common drug-pair was amlodipine (a calcium channel antagonist) and simvastatin (a hypolipidemic drug) (see Electronic Supplementary Material Table S3 ). The most common drugs involved were the antidepressants bupropion and citalopram (see Electronic Supplementary Material Table S4 ).
Among the most prevalent DDIs detected in our dataset, the co-prescription of clopidogrel and omeprazole/ esomeprazole had the greatest potential for serious harm (see Electronic Supplementary Table S3) , based on the Lexicomp Ò recommendations [33] . The combined use of clopidogrel and omeprazole/esomeprazole inhibits the metabolism of clopidogrel, which in turn increases the risk of heart failure.
Sensitivity Analyses
We conducted a subgroup analysis to assess the impact of care density on the co-prescriptions of clopidogrel and omeprazole/esomeprazole. Multivariate regression analysis showed that higher care density was associated with substantially lower co-prescriptions of this drug-pair after adjusting for age, Charlson's Comorbidity Index, and the number of providers (OR 0.70; 95% CI 0.50-0.97; p = 0.032) ( Table 5 ). Similar results were observed when we confined our analysis to the co-prescriptions of serious DDIs involving anticonvulsants, anticoagulants or antiplatelets, tricyclic antidepressants, immunosuppressants and statins. The association between care density and the co-prescriptions of these medications with another interacting drug remains significant (OR 0.75; 95% CI 0.62-0.92; p = 0.006) ( Table 5 ). In both analyses, the presence of a PCP was also associated with a decreased risk of co-prescriptions of interacting drugs.
Discussion
We explored the relationship between provider patientsharing networks and multiple provider prescribing of interacting drugs in the outpatient setting. Using a networkbased approach to infer the collaborative relationships between providers based on the presence of shared patients, and quantifying the strength of the collaborative relationships using the measure of care density, we showed that repeated co-prescription of interacting drugs by multiple providers is reduced with higher care density. With each unit of increase in the natural logarithm of care density, the risk decreased by 12%. Furthermore, the risk of repeated co-prescriptions of interacting drugs was 51% lower among patients with care density above the third quartile than in those with care density below the first quartile.
Our results can be interpreted in several ways. First, shared patients and care density reflect actual collaborative ties among providers, which led to better coordinated care thereby reducing the risk of multiple provider prescribing of interacting drugs. This interpretation is supported by an existing study demonstrating a positive correlation between shared patients and information ties between providers [26] . Our analysis also showed that the impact of care density became more pronounced with increasing constellation size, while the effects of other risk factors, including the number of providers and Charlson's Comorbidity Index, diminished. This finding is clinically intuitive, as coordination of care across providers would tend to become more challenging with increasing constellation size; the opportunity for communication breakdown would be expected to increase exponentially, regardless of other [24] further reported that physicians who shared patients tend to have similar patient panels in terms of race or illness burden [24] ; this is consistent with the principle of 'homophily' observed in many social networks, whereby people tend to form connections with others who are similar to them. Providers who were connected were also closer in geographic proximity and were more likely to be based at the same hospital. All of these factors may have contributed to improved awareness across providers of the actions of other constellation members.
An alternate explanation for the study results is that shared patients between providers merely reflect connections that emerge by chance, and do not actually capture information ties and care coordination among providers. Landon et al. [24] showed that such ad hoc connections are more likely to occur when the number of shared patients between two providers is very low (e.g., one or less shared patient during the course of a year). In our study dataset, the average number of shared patients between providers across care constellations was 19.5. It is therefore unlikely that chance connections alone accounted for most of the ties identified. Nonetheless, caution should be taken in interpreting the meaning underlying the association, and more research is needed to validate the approach.
Our analyses further identified several patient subgroups with a high risk of being exposed to co-prescriptions of interacting drugs. These included older patients with greater co-morbidity burden and patients who saw a greater number of providers, reflecting the complexity of caring for sicker patients and coordinating larger teams. The presence of a PCP decreased the risk of clopidogrel and omeprazole/ esomeprazole co-prescriptions and other drug-pairs classified as critical by the APA. This finding is consistent with published evidence showing that the availability of primary care services leads to improved care quality [14, 37] . However, we did not find an association between the presence of a PCP and safer prescribing behavior in the primary analysis involving all critical DDIs identified in the Cerner Multum TM database. A likely explanation is that the significance of many of the DDIs defined by the Cerner Multum TM database is less firmly established than that of those recommended against by the APA.
Detailed analysis of the interacting drugs prescribed showed that psychoactive agents were responsible for a disproportionate share of potential DDIs. This is consistent with an existing study demonstrating that psychoactive agents accounted for more than half the adverse drug events in hospitalized patients [38] . The most common drug-pairs involved were combinations of serotonergic agents; the additive effects of these agents expose patients to the risk of serotonin syndrome, which can be potentially life-threatening. The increased use of serotonergic agents across multiple disciplines makes it likely that the prevalence of serotonin syndrome will rise. Caution should be used to avoid co-prescriptions of psychoactive agents and in caring for mentally ill patients.
Our study is subject to several limitations. First, we ascertained physician relationships based on the presence of shared patients using claims data from a single commercial health plan-the results of this study may not generalize to other health plans. Furthermore, we may have missed patients and providers covered by other health plans. To mitigate this limitation, we chose regions with substantial market penetration by the health plan that provided the study data. Second, we could not assess whether the co-prescriptions of interacting drugs indeed stemmed from poor care coordination. Some drug combinations that are potentially risky may have been prescribed after careful consideration of the risk-benefit ratio, and with close surveillance in place. While we have sought to minimize this limitation by considering only drug combinations that are classified as serious interactions in the Cerner Multum TM database, there is often a lack of consensus on what constitutes clinically significant DDIs; therefore, DDIs curated in drug reference databases may have varied relevance [39] . We attempted to address this by performing additional analyses on a subset of patients who were co-prescribed clopidogrel and omeprazole/ esomeprazole, and those who were co-prescribed other drug-pairs that are recommended against by the APA; both analyses also showed an association between care density and multiple provider prescribing of the drug-pairs. Moreover, a study on emergency hospitalizations due to adverse drug events showed that relatively few adverse drug events resulted from medications typically designated as high risk; rather, most were caused a by few commonly used medications [40] . Thus, low-risk DDIs are no less important. Third, we may not have recognized other DDIs of drugs that were prescribed but not filled as a result of deliberate interventions by pharmacists, especially as pharmacy clinical decision-support systems are increasingly used for detecting the prescriptions of interacting drugs. However, studies have consistently shown that these systems are less than optimal in identifying potential drug interactions [41] [42] [43] , with one study showing only 28% of commercial information systems in ambulatory pharmacies to be capable of identifying critical DDIs [41] . Lastly, many potential drug interactions never lead to an actual clinical effect. The prevalence rates given here might, therefore, overestimate the true clinical significance of the problem. However, since we seek to assess providers' prescribing behavior, prescription of interacting drugs represents inappropriate prescribing behavior, regardless of whether it leads to an actual adverse event.
Conclusion
We found an association between the collaborative patterns of providers and multiple provider prescribing of interacting drugs. Additionally, we have demonstrated the feasibility of applying network analysis to study the impact of physician relationships on patient care. Addressing quality in healthcare will require deeper understanding of the dynamics of healthcare interactions. Network-based approaches provide a way to characterize and quantify these interactions. Properties of such networks elucidate the collective behaviors of healthcare providers and the implications on patient care, which cannot be easily observed by studying individual providers alone. While we focused on multiple provider prescribing of interacting drugs, our approach can be easily extended to study other patient outcomes. There is further potential to leverage the technique to implement large-scale surveillance applications for monitoring the safety and quality of patient care. We used care density as the primary measure of provider interactions. Future research should consider methods to capture team structures that are most conducive to care cohesion.
Efforts in developing such methods are already underway: Uddin et al. [44] showed that micro-level structures of provider networks are linked to the hospitalization cost and hospital readmission rate. There is also a need for further research into the drivers underlying care team structures, so as to guide interventions to prevent care fragmentation.
